The Haemophilus cryptic genospecies is an important cause of maternal genital tract and neonatal systemic infections and initiates infection by colonizing the genital or respiratory epithelium. In recent work, we identified a unique Haemophilus cryptic genospecies protein called Cha, which mediates efficient adherence to genital and respiratory epithelia. The Cha adhesin belongs to the trimeric autotransporter family and contains an N-terminal signal peptide, an internal passenger domain that harbors adhesive activity, and a C-terminal membrane anchor domain. The passenger domain in Cha contains clusters of YadA-like head domains and neck motifs as well as a series of tandem 28-amino-acid peptide repeats. In the current study, we report that variation in peptide repeat number gradually modulates Cha adhesive activity, associated with a direct effect on the length of Cha fibers on the bacterial cell surface. The N-terminal 404 residues of the Cha passenger domain mediate binding to host cells and also facilitate bacterial aggregation through intermolecular Cha-Cha binding. As the tandem peptide repeats expand, the Cha fiber becomes longer and Cha adherence activity decreases. The expansion and contraction of peptide repeats represent a novel mechanism for modulating adhesive capacity, potentially balancing the need of the organism to colonize the genital and respiratory tracts with the ability to attach to alternative substrates, disperse within the host, or evade the host immune system.
Studies of both prokaryotic and eukaryotic microorganisms suggest that variability at the cell surface is a key determinant of pathogenicity. By altering cell surface structures, pathogens can adapt to the host environment, colonize a broad range of tissues or substrates, and escape the immune system. Genes associated with tandem repeats enhance this adaptive capability and represent hypervariable components of bacterial genomes (17) . Phase variation is characterized by the reversible loss or gain of a defined structure, and in most cases, the relevant structure varies between two states, namely, off and on. In rare circumstances, repeat variation affects expression of surface structures in a gradual manner (6) . Variation in tandem repeats in the promoter region can affect transcription of the downstream gene by altering promoter affinity for RNA polymerase (6, 47) . Expansion and contraction of simple, intragenic tandem repeats can also mediate phase variation if the repeated units influence the reading frame, resulting in altered amino acid sequence and potential truncation of the encoded protein (23, 50) . Changes in copy number of intragenic tandem repeats that do not alter the reading frame have recently been associated with generation of antigenic or functional diversity among a small number of outer membrane-and cell wallassociated proteins (13, 17, 27, 48) .
The Haemophilus cryptic genospecies is a Gram-negative, nonencapsulated bacterium that is naturally present in the human female genital tract. This organism has recently been recognized as an important pathogen responsible for a variety of urogenital infections, including urethritis, vaginitis, cervicitis, salpingitis, endometritis, and Bartholin's gland abscess (26, 38, 45) . Colonization of the maternal genital tract can lead to chorioamnionitis and premature rupture of membranes. Aspiration of contaminated amniotic fluid and mucosal secretions during passage through the birth canal leads to bacterial colonization of the neonatal respiratory tract and in some cases results in respiratory distress and systemic infection (1, 10, 22, 32, 49) . Strains belonging to this unique species account for up to 38% of reported maternal genital and neonatal Haemophilus infections (1, 10, 32, 49) . We recently reported identification of the Cha adhesin (EU309721-3ԽACA04477.1), a novel adhesive protein that is conserved among strains belonging to the Haemophilus cryptic genospecies and mediates efficient bacterial attachment to genital epithelial and respiratory epithelial cells (36) . Presumably, Cha-mediated adherence plays a critical role in colonization of the maternal genital tract and the neonatal respiratory tract and is in part responsible for the apparent tissue tropism of this organism.
The Cha adhesin belongs to the trimeric autotransporter family of proteins, a family that is characterized generally by an N-terminal signal peptide, an internal passenger domain, and a C-terminal outer membrane domain. The signal peptide directs secretion through the Sec apparatus into the periplasm. Subsequently, the C-terminal domain trimerizes and is inserted into the outer membrane, where it facilitates surface presentation of the passenger domain. The passenger domain is surface localized and in all cases harbors adhesive activity. Sequence analyses and structural mapping studies indicate that trimeric autotransporter proteins are highly modular and are characterized by repetitive sequences and well-conserved structural motifs (21) . Generally, trimeric autotransporters adopt a head-stalk-anchor organization, with neck adaptor motifs facilitating transition between large head motifs and trimeric coiled-coil stalk domains (43) , and these proteins are frequently visible as hair-like appendages by negative staining electron microscopy (16, 18, 42, 46, 53) . The most well described head groups include the ␤-roll degenerate repeats of the Yersinia YadA adhesive head (YadA-like head) (24) and the Trp ring and GIN motifs of the Haemophilus influenzae Hia binding domains (52) . The Cha protein contains several clusters of YadA-like head (Ylhead) degenerate repeats, predicted type 2 Ylhead insert motifs (HIN2), neck adaptor domains, and two coiled-coil domains throughout the passenger domain ( Fig. 1 ). Genomic sequencing of strain 1595 (E. Mardis, A. J. Sheets, and J. W. St. Geme III, unpublished data) revealed 9 tandem repeats of a unique 84-bp sequence unit and a 30-bp partial repeat within the cha gene (36) . These tandem identical repeats encode an alanine/threonine-rich sequence motif with heptad periodicity and represent the second predicted coiledcoil domain in the passenger domain. The functional significance of these repeats has not been studied, although earlier work has demonstrated that these repeats are not required for Cha adhesive activity (36) .
In this study, we localized a cha gene size polymorphism to the repeat-containing region and demonstrated that the 84-bp coding repeats undergo spontaneous variation in number. To study the functional significance of the unique repeat domain of Cha, we isolated strain 1595 repeat variants and evaluated the adhesive function of Cha by quantitative adherence assays and bacterial settling assays. We report that expansion in Cha peptide repeats results in surface fiber elongation and negatively affects bacterial aggregation and adherence to Chang epithelial cells. In assays using bacteria expressing cha in-frame deletion derivatives, we determined that the N-terminal region of Cha mediates both bacterial attachment to epithelial cells and bacterial aggregation. This adhesive region largely contains a unique, structurally undefined sequence, linked to a short cluster of Ylhead repeats and a neck motif. These results extend our understanding of the functional organization of the Cha autotransporter. We speculate that variation in the number of 28-amino-acid (aa) peptide repeats enables the organism to vary between states of efficient adherence and colonization and attachment to alternative (unidentified) substrates, dispersal, or escape from the immune system.
MATERIALS AND METHODS
Culture and storage conditions. Escherichia coli strains were grown on LuriaBertani (LB) agar or in LB broth at 37°C and were stored at Ϫ80°C in LB broth with 50% glycerol. Haemophilus strains were grown on chocolate agar plates (BD, Franklin Lakes, NJ) at 37°C with 5% CO 2 and were stored at Ϫ80°C in brain heart infusion (BHI) broth with 25% glycerol.
Molecular biology techniques. DNA ligations, restriction endonuclease digestions, and gel electrophoresis were performed according to standard techniques (34) . Plasmids were introduced into E. coli by electroporation (7) . In H. influenzae, transformation was performed by the MII/MIV method of Herriott et al. (15) . Transformation reaction mixtures were plated onto chocolate agar containing 2 g/ml chloramphenicol to select for transformants. E. coli and H. influenzae strains were grown with 50 g/ml kanamycin to select for plasmids.
Bacterial strain and plasmid construction. Cha derivatives were inserted into the chromosome of nonadherent Haemophilus influenzae strain Rd (which does not encode a Cha homologue) (35) . The Rd hap locus contains a nonsense mutation at codon 710 that results in a truncated open reading frame, presenting a useful location for insertion of foreign DNA. DNA encoding deletion derivatives of Cha was cloned next to a chloramphenicol resistance marker in the middle of the hap pseudogene. Chloramphenicol-resistant transformants resulting from double-crossover events at the hap locus were screened for Cha expression by whole-cell dot immunoblot analysis.
The bacterial strains and plasmids used in this study are described in Table 1 . Amino acid number designations reflect the presence of one arbitrary 28-residue repeat to highlight their existence and physical location; however, genomic DNA from repeat variant strain 1595-A, lacking these repeats, was used as a template in the generation of Cha derivatives. To clone the C-terminal domain of Cha (ChaCTD), the coding sequence for residues 1298 to 1386 was amplified from wild-type Haemophilus cryptic genospecies strain 1595 with primers ChaCTDF and ChaCTDR, containing engineered 5Ј-MluI and 3Ј-BamHI restriction sites, respectively. The resulting fragment was digested with MluI and BamHI and was ligated to MluI/BamHI-digested pLS88P (36), generating pChaCTD. The sequence encoding the Cha passenger domain, including the upstream sequence, was amplified from variant strain 1595-A, which lacks the 84-nucleotide repeats, using primers ChaP1F and ChaFL1R, was digested with NcoI/MluI, and was ligated to NcoI/MluI-digested pChaCTD to create pCha⌬1138-1165. To insert an additional selectable marker downstream of the cha gene, the chloramphenicol resistance cassette from pACYC184 was amplified using primers CmF and CmR, containing engineered BglII sites, was digested with BglII, and was then ligated to BamHI-digested pCha⌬1138-1165. Primers ChaP2F and CmF-ClaI were used to amplify the cha-cam-linked genes, and the ClaI-digested product was ligated to AclI-digested pXLhap. The plasmid pXLhap was created by amplifying the inactive hap locus from H. influenzae strain Rd using primers RdhapF and RdhapR and then ligating this fragment into pCR-XL-TOPO (Invitrogen). A single, native AclI site is located near the middle of the hap locus. Prior to insertion of the cha-cam genes, the BamHI and MluI restriction sites were removed from pXLhap by digestion with BamHI and MluI, blunting with FIG. 1. Domain organization of Cha and in-frame deletion constructs. Color-coded features highlight the domain organization of the Cha protein consisting of YadA-like head (Hep_Hag) repeats, HIN2 domains, neck (HIM) domains, helical stalk regions, and a membrane anchor. The numbers provided represent amino acid positions. One 28-residue repeat is arbitrarily depicted to show the physical locations of these variable repeats (amino acids 1138 to 1165), corresponding to the second green box. Genomic DNA from repeat variant strain 1595-A, lacking these repeats, was used as a template in the construction of Cha derivatives.
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T4 DNA polymerase, and ligating the blunt ends. This sequence of cloning steps generates a base plasmid (designated pXLhap-Cha⌬1138-1165-Cm r ) in which unique BamHI and MluI restriction sites flank the upstream and coding sequence for the passenger domain of Cha, thus facilitating the exchange of passenger domains containing various internal in-frame deletions. The relevant primer sets for each deletion mutant are listed in Table 2 . Taking advantage of a naturally occurring SalI site at bp 240, an internal 207-amino-acid deletion (⌬83-290) was created by digesting the coding sequence for Cha aa 290 to 474 (amplified using primers Cha1bp871F/Cha1bp1419R) with SalI and MluI and ligating this fragment to SalI/MluI-digested pXLhap-Cha⌬474-1297-Cm r . The cha-cam-containing hap locus was amplified using primers RdhapF and RdhapR for each deletion construct, and the resulting DNA amplicon was transformed into H. influenzae strain Rd.
Recombinant plasmid pT7cha3Ј, containing the tandem repeats and sizevariable region of the cha3Ј gene, was generated as follows. Genomic DNA from cha locus size variants of strains 1595 and 1673 was digested to completion with HindIII and evaluated by Southern analysis to identify cha3Ј-containing restriction fragments. In each case, an ϳ11-kb hybridizing genomic fragment was gel purified, ligated to HindIII-digested pT7-7 vector, and transformed into E. coli strain DH5␣. Transformants were screened by colony blot analysis for insertion of a cha3Ј-containing fragment using a DNA probe generated using primers cha3ЈF/cha3ЈR (Table 2 ). Recombinant pT7cha3Ј plasmid was digested with HindIII to verify insert size (ϳ11 kb).
Plasmid pGFP is a pLS88 derivative containing the hap noncoding region fused to a promoterless green fluorescent protein (GFP) cassette as described previously (9) .
Isolation of repeat variant strains. Haemophilus cryptic genospecies clinical strain 1595 was resuspended in phosphate-buffered saline (PBS) to an optical density at 600 nm (OD 600 ) of 0.8. A 10-l volume of this bacterial suspension was inoculated onto a confluent Chang epithelial cell monolayer in a 24-well plate. To facilitate bacterial contact with the epithelial cells, plates were centrifuged at 165 ϫ g for 5 min. After a 25-min incubation at 37°C in 5% CO 2 , the supernatant was transferred to a new confluent Chang cell monolayer. To enrich for nonadherent variants, passage of supernatant bacteria over the cell monolayers was repeated six times and then dilutions of the supernatant were plated to yield individual colonies. To enrich for adherent variants, monolayers were inoculated and incubated with bacteria, rinsed four times with PBS, and released by treating them with trypsin. Dilutions containing adherent bacteria were plated, passaged overnight, and reinoculated six successive times onto confluent Chang cell monolayers for further enrichment. Isolated colonies were evaluated by Southern analysis to identify variants and to estimate the approximate number of 84-nucleotide repeats. Nonadherent variants were reinoculated onto Chang cell monolayers to reenrich for adherence and to identify additional repeat variants.
Southern hybridization. Southern analysis of cryptic genospecies repeat variant strains was performed as described previously (36) . Approximately 1 g of chromosomal DNA from each repeat variant was digested with DraI/HindIII, separated by agarose gel electrophoresis, and transferred to nitrocellulose. An enhanced-chemiluminescence (ECL)-labeled DNA probe was generated by PCR amplification of the partial cha locus from strain 1595 with primers cha3ЈF/ cha3ЈR (bp 3112 to 4678, assuming 9 repeats) ( Table 2) .
Quantitative adherence assays. Quantitative adherence assays were performed with Chang conjunctiva cells (Wong-Kilbourne derivative, clone 1-5c-4; ATCC CCL-20.2) as previously described (40) . Percent adherence was calculated by dividing the number of adherent CFU per epithelial cell monolayer by the number of inoculated CFU. Each repeat variant of strain 1595 was examined in triplicate in a given assay, and several independently derived repeat variants representing the same number of repeats were evaluated. For qualitative adherence analysis, epithelial cell monolayers with associated bacteria were stained with Giemsa stain and examined by light microscopy (39) . Chang cells were maintained in modified Eagle medium with Earle's salts and nonessential amino acids supplemented with 10% fetal bovine serum.
Quantitative and coculture aggregation assays. Haemophilus strains grown overnight on chocolate agar were resuspended in 3 ml BHI to an OD 600 of 0.8. Bacterial suspensions were incubated at room temperature for 4 h, during which time the optical density at 600 nm was measured at 30-min intervals. In some cases, 1.5-ml aliquots of strain Rd or Rd4 were mixed equally with Rd4/pGFP. Coculture bacterial aggregates were removed from the bottoms of the culture tubes and spotted onto glass slides with coverslips. Visualization of aggregates was accomplished using differential interference contrast (DIC) and fluorescence microscopy. Protein analysis. Western blot analysis of outer membrane proteins was performed as described previously (5) . Outer membrane fractions of whole-cell bacterial sonicates were prepared on the basis of Sarkosyl insolubility (3) and treated with 95% formic acid overnight (41) . Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Western blots were probed with a guinea pig polyclonal antiserum raised against an N-terminal fragment of Cha (aa 70 to 473).
The abundances of surface-localized Cha protein were compared among repeat variants using flow cytometry, employing mutant strain 1595chaϪ as a measure of background fluorescence. Bacteria grown overnight on chocolate agar were resuspended in PBS to an OD 600 of 0.8. One-milliliter aliquots of each suspension were pelleted, resuspended in 1 ml Tris-buffered saline (TBS) plus 500 mM EDTA plus 0.1% bovine serum albumin (BSA), and incubated with a 1:500 dilution of guinea pig anti-Cha (aa 70 to 473) antiserum for 1 h at room temperature (RT). Samples were washed twice with PBS, resuspended in PBS plus 0.1% BSA, and incubated with a 1:200 dilution of Alexa Fluor 488-conjugated anti-guinea pig antibody for 1 h at RT in the dark. Samples were washed twice with PBS and analyzed by flow cytometry using a Becton Dickinson FACSCalibur running on Becton Dickinson CellQuest software. The abundance of Cha protein was calculated according to the geometric mean of the fluorescence relative to the level for zero-repeat variant strain 1595-A(0), arbitrarily set at 100%.
Quantitative real-time PCR. Bacteria representing 6 repeat variants (A, C, I, J, K, and L) were grown overnight on chocolate agar, resuspended in PBS to equal density, pelleted, and lysed using TRI reagent (Sigma). Total RNA was isolated using an RNeasy minikit (Qiagen) according to the manufacturer's instructions for lipid-rich tissue, and residual DNA was degraded using DNase I (New England Biolabs). RNA integrity was verified by gel electrophoresis, and RNA concentration was quantified spectrophotometrically. With the use of 1 g of template RNA, cDNA was generated with random hexamers and iSCRIPT reverse transcriptase (Bio-Rad) in accordance with the manufacturer's protocol.
The primers used were ftsZ-sense/ftsZ-antisense and cha-sense/cha-antisense (Table 2 ). These primers were designed using the Primer3 program tool (33) . The cha primers were designed to amplify a 106-bp fragment of DNA 3Ј to the 84-nucleotide repeats. For each variant strain, the expression level of cha was normalized to the level for the internal control, ftsZ, a housekeeping gene.
The relative quantification of target gene expression was done using the comparative cycle threshold (C T ) method. C T is defined as the cycle number at which SYBR green I (Invitrogen) fluorescence intensity exceeded 10 times the standard deviation (SD) of the baseline fluorescence. The relative target expression was given by the 2 Ϫ⌬⌬CT formula, as follows: ⌬⌬C T ϭ ⌬C T target sample Ϫ ⌬C T calibrator sample , with ⌬C T ϭ ⌬C T cha Ϫ ⌬C T ftsZ. Samples were run in triplicate, and results are presented as the mean fold change in cha transcript relative to the level for the zero-repeat variant (1595-A) Ϯ the standard deviation.
Electron microscopy. Bacteria were allowed to absorb onto carbon/Formvarcoated grids for 1 min and were then washed twice in distilled H 2 O and stained with 1% aqueous uranyl acetate. Bacteria were prepared for immunoelectron microscopy as described by Roberts et al. (30) , with minor modifications. Briefly, 200-nm mesh, carbon/Formvar-coated nickel grids (LADD) were each overturned on a drop of bacterial suspension in 0.2 M ammonium acetate, pH 7.4, and allowed to absorb for 1 min. Subsequently, samples were blocked for 1 h with PBS containing 2% goat serum and 0.1% gelatin and were then incubated for 2 h with a 1:250 dilution of rabbit polyclonal antiserum (anti-Cha aa 70 to 473). Samples were then washed three times with PBS and incubated for 1 h with a 1:30 dilution of goat anti-rabbit IgG conjugated to 12-nm colloidal gold beads (Jackson ImmunoResearch). Samples were washed again, fixed with 1% glutaraldehyde in PBS, washed with PBS followed by distilled H 2 O, and stained with 1% aqueous uranyl acetate for 30 s. Excess liquid was gently wicked away, and the grids were air dried. Samples were viewed with a JEOL 1200EX transmission electron microscope (JEOL USA, Peabody, MA) at an accelerating voltage of 80 kV. 
RESULTS
Size polymorphism associated with cha locus due to variation in tandem repeats. In previous work, we reported the universal presence of the cha locus in our collection of clinical isolates belonging to the Haemophilus cryptic genospecies. However, Southern analysis revealed a slight size variation among cha-hybridizing fragments (36) . The available genomic sequence for Haemophilus cryptic genospecies strain 1595 indicates that identical 84-nucleotide repeats are located in the coding region for the C-terminal end of the passenger domain of Cha. With this information in mind, we hypothesized that the size polymorphism from strain to strain reflects spontaneous variation in repeat number. To further localize the polymorphic region, we performed additional Southern analysis using DraI/HindIII-digested genomic DNA from isolated colonies of strain 1595 and probed with a DNA fragment that hybridizes to cha bp 3112 to 4678 (assuming 9 repeats). As shown in Fig. 2A , the size polymorphism localizes to the repeat-containing region near the 3Ј end of the cha gene.
To provide additional evidence that the observed size variation associated with cha reflects addition or deletion of repeats, we performed restriction analysis on recombinant plasmids containing DNA flanking the cha repeat region from two cryptic genospecies strains (1595 and 1673). The presence of nine 84-bp repeats within the cha gene (suggested by the genomic sequence from strain 1595) predicts that the HindIII restriction fragments would be approximately 3.5 kb. However, Southern analysis of HindIII-digested genomic DNA from the selected strain 1595 and strain 1673 colony variants showed that the cha3Ј-containing fragments migrated close to ϳ11 kb (not shown). These cha3Ј-containing fragments were ligated to pT7-7, and the resulting recombinant plasmids were subjected to restriction analysis with HincII (a single HincII site occurs within each identical 84-nucleotide repeat). The observed HincII restriction patterns for the recombinant pT7cha3Ј plasmids from both strain 1595 and strain 1673 were identical and indicated that the size polymorphism was indeed the result of repeat expansion (shown for strain 1595 in Fig. 2B) .
Effect of tandem repeats on binding to host epithelial cells. Spontaneous deletion of the 84-bp repeats does not interfere with the adhesive function of Cha when expressed in H. influenzae laboratory strain DB117 (36), indicating that this tandem repeat domain is not required for surface localization or proper folding of the Cha protein. In preliminary work examining strain 1595 colony variants interacting with epithelial cell monolayers using light microscopy, two distinct variants demonstrated reduced adherence to Chang cells and were found by Southern analysis to have an expanded repeat region (not shown). This observation suggested that repeat copy number influences Cha-mediated adherence to epithelial cells. To study the impact of these 28-residue repeats in more detail, an adherence based enrichment scheme was developed to isolate additional repeat copy number variants. Numerous variants containing between 0 and ϳ100 repeats were identified by Southern analysis (Fig. 3A) . Among these variants, 12 were selected for examination in adherence assays with Chang epithelial cells. As shown in Fig. 3B , we observed an inverse correlation between repeat copy number and percent adherence. Variant 1595-A contains no repeats and was highly adherent. In contrast, variant 1595-G, containing ϳ21 repeats, was moderately adherent, and variant 1595-K, containing ϳ76 repeats, was nonadherent. To address whether this phenomenon extends to other Haemophilus cryptic genospecies strains, we obtained colony variants of strain 1673. Again, we observed an inverse correlation between repeat copy number and adherence (not shown).
FIG. 2. Variation in Cha tandem repeats. (A) Southern hybridization analysis of
Haemophilus cryptic genospecies strain 1595 colony variants highlights a naturally occurring size polymorphism in the 3Ј region of the cha locus. Chromosomal DNA was isolated from 16 isolated variants and digested to completion with DraI/HindIII. The ECL-labeled probe (black bar) was used for hybridization and was generated by PCR amplification of the partial cha locus (nucleotides 3112 to 4678, including 9 repeats) from strain 1595. (B) Restriction analysis of recombinant pT7cha3Ј. An ϳ11-kb cha3Ј-containing fragment of DNA from a strain 1595 colony variant was cloned into HindIII-digested pT7-7. Positive clones were identified by dot blot analysis using a cha3Ј probe. A single HincII site occurs once within each 84-bp repeat. The HincII restriction pattern suggests extensive expansion of repeats (ϳ100). (C) A 28-amino-acid repeat unit (underlined) with flanking passenger domain sequence exhibits heptad periodicity, with small hydrophobic residues (usually alanine) occurring every first (a) and fourth (d) position. The nucleotide sequence encoding each 28-residue repeat is provided below.
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Influence of repeat variation on Cha-mediated bacterial aggregation. Beyond mediating interactions with host cells, a number of adhesins have been shown to play a role in bacterial aggregation and microcolony formation (37, 46) , a phenomenon that likely facilitates persistence of organisms on mucosal epithelial surfaces. Microscopy examination of strain 1595 adhering to epithelial cell monolayers revealed large bacterial clusters, indicating the presence of bacterial aggregation. To assess the contribution of Cha to bacterial aggregation, we compared the levels of bacterial clumping of adherent strain 1595-A and the 1595chaϪ mutant by use of a tube settling assay. Strain 1595-A settled within 2 h, whereas mutant strain 1595chaϪ remained in suspension for approximately 3 h, suggesting that Cha contributes to aggregative activity. To assess whether the tandem 28-residue repeats affect Cha-mediated bacterial aggregation, we examined settling among our collection of strain 1595 repeat variants (Fig. 3C ). Repeat variants 1595-A(0) through 1595-I(31) settled at progressively lower rates as the repeat number increased (0 to approximately 31 repeats). Notably, high-repeat-number variant strains 1595-K(76) and L(95) did not settle at all during the 4-h assay.
Impact of repeat variation on cha transcript levels and surface localization of Cha. To investigate the mechanism by which repeat expansion interferes with Cha adhesive function, we compared cha transcript levels among our repeat variant strains. Using quantitative real-time PCR analysis, we found no significant differences in cha mRNA among repeat variants C(10), I(31), J(53), K(76), and L(95) relative to the level for the zero-repeat variant A(0) (Fig. 4A) . This information suggests that a transcription-independent mechanism accounts for the interference of repeat expansion with adhesive activity. Fluorescence-activated cell sorting (FACS) analysis revealed that nonadherent variants (K and L) and adherent variants (C, I, and J) produce ϳ28 to 37% as much surface-associated Cha protein as the highly adherent zero-repeat variant A(0), despite there being no significant differences in cha transcript levels (Fig. 4B) . Western analysis of formic acid-denatured outer membrane fractions from variants A and C revealed quantities of Cha that were consistent with the relative amounts detected by FACS analysis (not shown). These results suggest that repeat expansion from 0 to ϳ10 repeats may result in decreased translation efficiency or protein stability. However, further expansion beyond ϳ10 repeat units does not grossly alter protein abundance at the cell surface. While the abundance of Cha protein may contribute to the hyperadherent and aggregative phenotypes associated with zero repeats, quantity of Cha does not account for the adherence and aggregative defects associated with high repeat number.
Correlation between repeat expansion and extension of Cha fibers. The majority of clinical isolates belonging to the Haemophilus cryptic genospecies have been reported to display abundant peritrichous surface fibers that are morphologically distinct from H. influenzae Hif pili (12) . Examination of negatively stained bacteria by transmission electron microscopy has shown that a number of trimeric autotransporters form thin hair-like projections (11, 16, 42, 53) . Consistent with previous reports (4), we observed surface fibers in strain 1595 and found that these fibers disappeared upon disruption of the cha locus, suggesting that cha encodes the fibers. Using the daTAA Webbased domain annotation tool for trimeric autotransporters, the sequence encompassing the Cha repeats is predicted to form a left-handed trimeric coiled-coil stalk domain (http: //toolkit.tuebingen.mpg.de/dataa) (43) . This structural motif is defined by heptad periodicity of small hydrophobic residues, a periodicity that is maintained upon expansion of the 28-residue Cha repeat (Fig. 2C) . Given this information, we investigated the identity of the surface fibers present on repeat variant 1595-J by immunogold labeling using a rabbit polyclonal antiserum against Cha. As shown in Fig. 5 , the Cha antiserum specifically labeled the thin, flexible surface fibers of strain Repeat expansion may modulate neighboring structural motifs, including the aggregative and host cell binding pockets. Alternatively, elongation of Cha fibers may shield adhesive epitopes at the cell surface. To begin to elucidate the mechanism by which repeat expansion interferes with Cha adhesive activity, we sought to identify the domains in Cha involved in binding to host cells by testing a panel of internal-deletion mutant strains for their ability to bind to Chang cells. We created sequential in-frame deletions throughout the Cha passenger domain from strain 1595, in each case retaining the 89-residue C-terminal membrane anchor domain (Fig. 1) . Each chromosomally encoded derivative was expressed in the outer membrane of Haemophilus influenzae strain Rd, which does not express any of the major H. influenzae adhesins (Hap, HMW, and Hia) and does not adhere to Chang cells. Formic acid-denatured outer membrane fractions from all recombinant strains (Rd1 to Rd6) were examined by Western blot analysis to confirm the expression of each Cha protein in the outer membrane at the predicted monomeric molecular weight (Fig. 6A) .
In quantitative assays, strain Rd1 expressing Cha⌬1138-1165 (full length minus repeats), Rd2 (Cha⌬1094-1297), Rd3 Together, these data indicate that the N-terminal 404 residues of the Cha passenger domain (residues 70 to 473) contain the domain responsible for adherence to epithelial cells. This minimal adhesive fragment of Cha contains 4 Ylhead repeats (predicted to form a trimeric ␤-prism head domain) and a neck motif but is characterized primarily by unique and undefined sequence (Fig. 1) . Localization of the Cha aggregative domain. To identify which regions of Cha might be responsible for bacterial aggregation, we performed tube settling assays with suspensions of strain Rd derivatives expressing the Cha in-frame deletions. Over time, suspensions of Rd1 expressing Cha⌬1138-1165 (full length minus repeats) steadily lost turbidity, while strain Rd remained in suspension. Strains Rd2, Rd3, and Rd4 (expressing Cha⌬1094-1297, Cha⌬804-1297, and Cha⌬474-1297, respectively) aggregated at increasingly high rates. Strain Rd5 (Cha⌬382-1297) and strain Rd6 (Cha⌬83-290/474-1297) failed to settle in a 4-h time period (Fig. 6C) . Taken together, these results suggest that the aggregative domain of Cha lies within the N-terminal 404 residues of the passenger domain (residues 70 to 473) and is thus far not separable from the Cha host cell binding domain.
Cha-mediated bacterial aggregation may occur by self-association of Cha trimers on neighboring cells or by Cha binding to a heterologous structure on neighboring bacteria. To distinguish between the two possibilities, we evaluated the rate of settling of a 1:1 mixed suspension of strains Rd and Rd4 (Cha⌬474-1297). The observed rate of settling was markedly reduced relative to settling of Rd4 alone (Fig. 6C) . This interference by strain Rd with settling of Rd4 suggests that interbacterial Cha-Cha interactions are responsible for bacterial aggregation. To obtain further evidence for this conclusion, we prepared suspensions of bacteria expressing Cha⌬474-1297 plus green fluorescent protein (Rd4/pGFP) mixed with unlabeled bacteria expressing Cha⌬474-1297 (Rd4) or unlabeled strain Rd. Bacterial suspensions were incubated standing for 4 h, and bacterial aggregates collected from the bottoms of culture tubes were examined by differential interference contrast and fluorescence microscopy (Fig. 6D) . Mosaic aggregates from Rd4/pGFP resuspended with Rd4 suggests that both GFP-labeled and unlabeled bacteria aggregated. Aggregates from Rd4/pGFP mixed with Rd were less abundant and uniformly green, suggesting that only bacteria expressing the N terminus of Cha participated in aggregate formation. As expected, large aggregates of Rd4/pGFP were uniformly green, and unlabeled strain Rd did not aggregate. These results indicate that the N terminus (amino acids 70 to 473) of each Cha molecule is self-associating, consistent with the observation of interacting distal tips of Cha fibers, visualized by negative staining electron microscopy (Fig. 5) .
DISCUSSION
Several mechanisms facilitate diversification of surface structures to allow efficient adaptation of pathogenic microor- on October 16, 2017 by guest http://jb.asm.org/ ganisms to the host environment. Nucleotide repeat variation is one such mechanism and is frequently associated with phasevariable expression of surface structures to modulate susceptibility to antibody-mediated damage. The role of short, noncoding nucleotide repeats has been well documented for a variety of systems. In contrast, the functional impact of peptide repeat variation has not been well studied, despite the fact that long, coding repeats have been identified in a number of surface antigens of pathogenic microorganisms (17, 20, 51, 55) . In this study, we report the functional impact of spontaneous variation of tandem 28-amino-acid repeats on a recently identified bacterial adhesin expressed by the Haemophilus cryptic genospecies.
Isolates of the Haemophilus cryptic genospecies are recovered almost exclusively from genital sites or from infected neonates who acquired the organisms in utero or from passage through the birth canal. These organisms appear to occupy a distinct ecological niche different from that of nontypeable Haemophilus influenzae strains, which colonize the pharynx and nasopharynx. Haemophilus cryptic genospecies strains adhere to a variety of human epithelial cells of both respiratory and genital origin but do not express classic H. influenzae adhesins (Hif pili, Hia, HMW1/2, and Hap) (32, 36) . Instead, these strains express a unique trimeric autotransporter adhesin called Cha, which mediates attachment to human epithelial cells (36) . In addition to functioning as a host cell adhesin, Cha can promote bacterial aggregation, as demonstrated in this study. Like most trimeric autotransporter adhesins, Cha is characterized by a highly repetitive modular architecture. Predicted head, neck, and stalk domains alternate throughout the Cha passenger domain, suggesting a more complex architecture than is exhibited by other well-described trimeric autotransporter adhesins, such as YadA and BadA (19, 42) . Cha contains 4 scattered clusters of Ylhead degenerate repeats, 4 neck/HIM adaptor domains, and 2 predicted left-handed coiled-coil stalk domains (36) .
Previous Southern analysis highlighted an apparent size polymorphism associated with the cha locus among Haemophilus cryptic genospecies strains (36) . This observation prompted us to explore the location of the polymorphic region, resulting in localization of this region to a part of cha characterized by 84-nucleotide tandem coding repeats. Southern analysis of individual colonies isolated from strains 1595 and 1673 demonstrated that there is diversity in repeat number not only among clinical isolates but within strains. Further investigation using strain 1595 repeat variants led to the discovery that changes in repeat copy number alter the adhesive activity of Cha. Examination of our collection of 12 representative repeat variants revealed a linear inverse correlation between repeat copy number and host cell adherence. Cha repeat number also correlates inversely with Cha-mediated bacterial aggregation and settling. Quantitative PCR (qPCR) analysis demonstrated that the mechanism by which repeat variation influences adhesive function of Cha is not related to the level of transcription. Interestingly, there was significantly more Cha protein detected by FACS analysis at the cell surface of the zero-repeat variant than for all other variants examined, perhaps contributing to the hyperadherent and highly aggregative phenotypes. However, there was minimal difference in the levels of surfaceassociated protein between adherent/medium-repeat-number and nonadherent/high-repeat-number variants, and therefore, Cha protein density at the cell surface does not appear to account for the adherence defect and antiaggregative activity associated with high repeat copy number.
With the use of the daTAA Web-based domain annotation tool for trimeric autotransporters, the Cha repeat tract is predicted to form a left-handed trimeric coiled-coil structural domain. Each repeat encodes a 28-residue peptide rich in alanine and threonine, with an invariant alanine every first and fourth residue within repeating heptads, accounting for the predicted coiled-coil stalk domain. Consistent with this prediction, immunogold labeling and negative staining of high-repeat-copynumber variants highlighted the presence of abundant Cha surface fibers. Examination of selected repeat variants by negative staining electron microscopy verified a positive correlation between repeat copy number and the length of these flexible Cha fibers.
To begin to elucidate the means by which repeat variation modulates Cha function, we sought to localize the adhesive and aggregative domains. Several in-frame deletions were generated within the cha gene from cryptic genospecies strain 1595. Derivatives of H. influenzae strain Rd expressing the resulting proteins were tested for their abilities to adhere to Chang cell monolayers and to form bacterial aggregates and settle from suspension. Using this approach, we observed that residues 70 to 473 of Cha are critical for host cell adherence. Interestingly, the same N-terminal 404 residues mediate bacterial aggregation through Cha-Cha interactions. Cha therefore joins a growing number of self-associating trimeric autotransporters, including the Yersinia YadA, Bartonella BadA and Vomps, Moraxella Hag, and E. coli UpaG adhesins (8, 18, 25, 46, 54) .
Location of the binding domains at the tip of the protein distal from the bacterial surface is a common theme among trimeric autotransporters, presumably because this position makes these domains easily accessible to host cell receptor structures (18, 24, 53) . This adhesive region in Cha contains mostly unique, structurally undefined sequence followed by a small cluster of YadA-like head repeats and a neck motif. Ylhead domains are composed of NSVAIGXXS degenerate repeats, a ␤-roll-forming sequence element that trimerizes to form a ␤-solenoid structure (24) . The Ylhead repeats present in this minimal adhesive fragment (and throughout the passenger domain of Cha) are widely conserved among trimeric autotransporter adhesins, including YadA of Yersinia enterocolitica (31), BadA of Bartonella henselae (29) , Vomps of Bartonella quintana (54) , XadA of Xanthomonas oryzae (28) , EmaA of Aggregatibacter actinomycetemcomitans (53) , Hag of Moraxella catarrhalis (2) , and the BuHA proteins of Burkholderia sp. (44) . The Ylhead repeats contribute to distinct binding activities in several trimeric autotransporters (18, 24, 53) . Presumably, wide conservation of these structural building blocks in different arrangements with varied activities among bacterial pathogens reflects adaptations to different physiological niches. Considering their repetitive nature, these sequence motifs likely present recombination hot spots, which may facilitate antigenic variation and adaptation to the host environment.
Expansion of the repeat-encoded stalk domain appears to extend the N-terminal Ylhead head clusters and distal binding domain away from the bacterial cell surface. Extension of the VOL. 193, 2011 Cha ADHESIVE ACTIVITY MODULATED BY PEPTIDE REPEATS 337 binding domain away from the bacterial cell surface could result in less-intimate bacterial attachment to host cells and may account for the gradual decrease in adherence levels. Conversely, expression of low-repeat-number Cha may facilitate more-intimate cell-cell contact than is mediated by the longer, filamentous projections of higher-repeat-number Cha, resulting in enhanced adherence and bacterial aggregation. Interestingly, we observed that while high-repeat-number variants do not aggregate, the 1595chaϪ mutant strain exhibits a low rate of settling relative to low-repeat-number Cha-expressing variants. This observation suggests that the presence of long Cha fibers inhibits intimate bacterial interactions by masking the function of an additional aggregative factor. Considering the overlapping distal location of the adhesive and self-associating region, it is likely that extensive repeat expansion and Cha fiber elongation enable the N termini of intrabacterial Cha trimers to interact. This interaction could interfere with both bacterial adherence to host cells and bacterial cell-cell interactions by occluding the adhesive domains. This idea is supported by negative stained images showing a tangling of fibers with evident interactions at the distal tips of neighboring fibers (Fig. 5F ). It is possible that the low-repeatnumber Cha aggregative domains are not accessible to neighboring intrabacterial Cha molecules and therefore are more accessible to mediate intimate interactions with host epithelium and neighboring bacteria. Additionally, significant repeat expansion may modulate neighboring structural motifs, as has been reported for other adhesins, such as the Candida Als5p protein. An increase in the number of 108-nucleotide tandem repeats in the ALS5 gene has been shown to modulate the structure of the substrate-binding domain, augment adhesion to fibronectin, and promote cell-cell interactions (27) . Similarly, Gravekamp and colleagues have demonstrated that variation in the 246-bp repeats in the alpha C protein of group B streptococci alters the antigenicity of immunogenic epitopes and enhances the pathogenicity of these organisms (13, 14) . Expansion to 100 28-residue Cha repeats yields a massive 386-kDa protein, two-thirds of which is dominated by the repeatencoded region, which may alter folding at the N terminus and eliminate a binding-competent conformation. These hypotheses for explaining the functional impact of repeat variation are not mutually exclusive, as conformational changes and accessibility of binding domains could both factor into the binding target preference.
In summary, this study demonstrates the functional consequences of spontaneous variation in tandem peptide repeats in the major adhesin of the Haemophilus cryptic genospecies. Expression of Cha presumably aids in bacterial colonization and microcolony formation in the maternal genital tract and the neonatal respiratory tract. While loss of repeats may enhance colonization and survival in the genital or respiratory tract, repeat expansion may facilitate dispersion, invasion, and perhaps evasion of the host immune system. Repeat expansion may also confer adhesive activity toward different as-yet-unidentified cell types, mucus, or extracellular matrix components. Thus, variation in Cha peptide repeats potentially enhances the adaptive capability of the Haemophilus cryptic genospecies in the human host. These observations parallel observations with eukaryotic microorganisms (27) , suggesting that variation in peptide repeats may be a widespread mechanism among microorganisms for generating cell surface antigenic and/or functional diversity. Interestingly, while trimeric autotransporters are commonly characterized by highly repetitive architecture, to our knowledge this is the first instance of the adhesive activity of a bacterial adhesin being modulated by variation in long, identical, tandem peptide repeats.
